strand can be edited, in an almost random pattern, with the exception of a clear 5Ј-neighbor preference for A or U (Polson and Bass, 1994).
rect methods, such as RT-PCR, could be used to identify and catalyze the hydrolytic deamination of As to Is, and follow them. Finally, the mechanism of nuclear rewhich leads to unwinding of the RNA double helix (Bass tention was not addressed. and Weintraub, 1988; Nishikura, 1992; Polson et al.,
In this study, we have asked whether the polyoma 1991). ADAR editing is sensitive to the length of the model system reflects a more general quality control duplex. Duplexes less than 15 base pairs are modified system for the export of edited mRNAs, and we have poorly, if at all, in vitro (Nishikura, 1992), and optimal sought to learn more about the mechanism by which activity is seen with dsRNAs of at least 100 bp in length hyperedited RNAs are retained within the nucleus. By (Bass and Weintraub, 1988; Nishikura, 1992). Thus, short microinjection experiments in Xenopus oocytes, we RNA stem-loop structures and duplexes would be genshow that a variety of edited and inosine-containing erally refractory to editing, while more extensively baseRNAs cannot be exported from the nucleus to the cytopaired molecules would be favored editing substrates.
plasm. Splicing cannot overcome inosine-induced reIn long perfect duplexes, about 50% of the As on each tention, but the HIV-1 Rev/RRE export system can. We have further used biochemical techniques to identify proteins from HeLa cell nuclear extracts that preferen- tially recognize inosine-containing RNAs (I-RNAs). There aE2 was exported (lanes 3 and 4). In agreement with previous work showing that editing by ADAR is efficient appears to be a single highly conserved and abundant nuclear protein, p54 nrb , that binds I-RNAs with a striking in oocyte nuclei (Saccomanno and Bass, 1994) , the duplex molecules were extensively edited, with about half specificity. This protein exists in a complex with the splicing factor PSF and the inner nuclear matrix strucof the As being converted to Is ( Figure 1C , lane 6). Importantly, inosine-containing RNAs are almost exclusively tural protein matrin 3 that confers highly cooperative binding to I-RNA and leads to nuclear retention, most confined to the nucleus (compare lanes 7 and 8), while unedited RNAs are exported to the cytoplasm. likely via attachment to the nuclear matrix.
The selective retention of inosine-containing RNAs could be due to the presence of inosines, or to partially Results duplex structures remaining after modification. Figure  1D shows that inosine content itself leads to nuclear Extensively Edited RNAs Are Retained retention. When the aE2 RNA was made using the four in the Nucleus standard bases ("aE2-G") and injected into oocyte nuTo investigate the fate of inosine-containing RNAs within clei, it was efficiently exported to the cytoplasm within cells, we chose the Xenopus oocyte system and a U1 two hours ( Figure 1D , lanes 5 and 6). As controls, misnRNA reporter. Construct U1-E2 ( Figure 1A) consists croinjected U1 RNA partitioned about 20% to the cytoof mouse U1 RNA, to which a 3Ј-extension (E2) of 194 plasm during this time period, while U6 snRNA remained nt has been attached. This tagged U1 RNA molecule exclusively in the nucleus. However, when aE2 was prewas radiolabeled and injected into oocyte nuclei alone, pared by in vitro transcription under conditions where or after annealing to a radiolabeled transcript (aE2) comabout 50% of the Gs were replaced with Is ("aE2-I"; plementary to the tag. Figure 1B (lanes 6 and 7) shows confirmed by hydrolysis and TLC analysis, data not that U1-E2 RNA is efficiently exported to the cytoplasm, shown), the injected RNA was detected in the nucleus while the internal control U6 snRNA is retained in the but not in the cytoplasm (lanes 2 and 3). nucleus as expected. When the antisense aE2 strand was annealed before microinjection, neither U1-E2 nor Next, we ruled out the possibility that inosine-con- taining RNAs are exported to the cytoplasm, but are rapidly degraded in that compartment. The E2 fragment excised from the gel, the RNAs eluted, hydrolyzed, and subjected to TLC analysis.
Splicing Does Not Overcome Inosine-Induced Nuclear Retention
The HIV-1 Rev Protein Can Promote Export of Inosine-Containing RNAs Can the nuclear retention of inosine-containing RNAs be overcome by splicing? In some cases, splicing can It has been reported that Rev-mediated nuclear export is dominant over nuclear retention (Fischer et al., 1999) . facilitate the export of mRNA in metazoans (Zhou et al., 2000) . In order to address this issue, a splicing construct Rev was found to promote the export of both spliceable and unspliceable RNAs, as well as normally nuclear rederiving from the adenovirus major late transcription unit (Zhou et al., 2000) was extended at its 3Ј-end with tained RNAs such as U3 and U6 snRNA when the Revresponsive element (RRE) was incorporated into them. the E2 sequence and injected with or without prior annealing to aE2 into Xenopus oocyte nuclei (Figure 2) .
To ask whether this is also true for ADAR-edited RNAs, we attached the E2 sequence to an RRE-containing When pre-AdML-E2 RNA was injected alone, splicing was efficient, and the spliced product was efficiently construct and microinjected RNAs into oocyte nuclei with or without the Rev protein, and with or without exported to the cytoplasm, while splicing intermediates were not (lanes 2 and 3). By contrast, when the 3Ј-tail annealing the E2 sequence to aE2 before microinjection (Figure 3 ). When construct RRE-E2 was injected alone, was first annealed with aE2 RNA before microinjection, splicing took place; however, the spliced product was about two-thirds of the RNA remained in the nucleus ( Figure 4D, lanes 7-10). These results suggest that high affinity We reasoned that this retention is most likely the result binding of p60 to inosine-containing RNA also involves of specific protein-RNA interactions. We therefore used recognition of nucleotides other than inosine. UV-crosslinking to ask whether inosine-containing RNAs interact with a specific nuclear protein. Radiolabeled dsRNAs prepared in vitro were incubated with Identification of an I-RNA Binding Protein Two different RNAs, either lacking inosines, or having purified ADAR2 for variable lengths of time and then subjected to UV-crosslinking using HeLa cell nuclear about half of their Gs substituted with Is, were covalently coupled to agarose beads and used to isolate binding extracts in the presence of a large excess of unlabeled yeast RNA as competitor ( Figure 4A ). The appearance factors from HeLa cell nuclear extracts. Proteins that were nonspecifically retained were removed by extenof a crosslink band of apparent MW about 60 kDa correlates closely with the extent of editing. In many, but not sive washing with buffer containing yeast RNA, and then tightly bound polypeptides were released with SDS. In all experiments, crosslinking was also observed to a minor band of about 100 kDa. a single step from a crude nuclear extract, three polypeptides were always observed to associate strongly Three different cloned sequences were next used to produce kDa, and 125 kDa, and always appear in an apparent complex. Figure 5C shows the domain structures of the three proteins. 1:1:1 stoichiometric ratio, suggesting that a complex containing at least these three polypeptides exists in the nuclear extract. The same complex could be eluted Characterization of the I-RNA Binding Activity We next studied the nature of the interaction of the from the column with buffers containing high salt concentrations, and could be purified using methods that I-RNA binding complex with RNA. Figure 6A shows a native gel shift assay using a HeLa cell nuclear extract. did not involve I-RNA affinity chromatography (data not shown). In repeated affinity purifications, these three
In the left panel, radiolabeled G-RNA was incubated with increasing amounts of extract in the presence of 5 mg/ polypeptides were the only ones that consistently correlated with the inosine content of the affinity matrix (data ml heparin to suppress nonspecific protein-RNA binding, and then subjected to electrophoresis through a not shown).
The three specific bands identified by affinity chromanondenaturing polyacrylamide gel. No specific binding complex could be detected. In contrast, when the assay tography were excised from SDS gels, digested with trypsin and subjected to mass spectrometry analysis.
was carried out with I-RNA, a strong and strikingly cooperative interaction was apparent, yielding a distinct Each was unambiguously identified, and corresponds to an abundant, known nuclear protein. observation that mat3 binds DNA in a highly cooperative p54 nrb Can Retain Inosine-Containing RNAs in Oocyte Nuclei fashion (Hibino et al., 1993b) . Finally, when excess p54 nrb was added to I-RNA, this complex was substantially Although the Xenopus homolog of p54 nrb has not yet been identified, p54 nrb appears to be a highly conserved resistant to degradation by RNases T1 and T2, while G-RNA was not protected (compare Figure 6C, lanes 3 protein among metazoans, and we noted a weak crossreactivity of one of our antibodies to a band of similar and 5 with lanes 8 and 10). This suggests that p54 nrb can bind along the entire length of promiscuously edited size from oocyte nuclei (data not shown). We therefore asked whether the human p54 nrb can function in oocytes. RNAs.
In order to demonstrate that p54 nrb can bind specifiIn order to carry out such an experiment, it was necessary to find a system in oocytes where some I-RNA could cally to I-RNA in vivo, the oocyte microinjection system was coupled with UV-crosslinking analysis. Recombibe exported to the cytoplasm. The Rev/RRE system was inappropriate, since Rev efficiently overcomes nuclear nant p54 nrb was isolated from E. coli and microinjected into oocyte cytoplasms ( Figure 6D ). After 12 hr, much retention (Figure 3 ). Another system, however, allowed such a direct experiment to be carried out. The constituof the protein relocalized to the nucleus ( Figure 6D, lane  5) . However, when a truncated variant lacking a C-termitive transport element (CTE) from the Mason Pfizer monkey retrovirus promotes the export of unspliced and nal nuclear localization signal was microinjected, it remained in the cytoplasm (lanes 9-12) (Figure 6E) . 
